Deficits in eye contact have been a hallmark of autism 1,2 since the condition's initial description 3 . They are cited widely as a diagnostic feature 4 and figure prominently in clinical instruments 5 ; however, the early onset of these deficits has not been known. Here we show in a prospective longitudinal study that infants later diagnosed with autism spectrum disorders (ASDs) exhibit mean decline in eye fixation from 2 to 6 months of age, a pattern not observed in infants who do not develop ASD. These observations mark the earliest known indicators of social disability in infancy, but also falsify a prior hypothesis: in the first months of life, this basic mechanism of social adaptive action-eye looking-is not immediately diminished in infants later diagnosed with ASD; instead, eye looking appears to begin at normative levels prior to decline. The timing of decline highlights a narrow developmental window and reveals the early derailment of processes that would otherwise have a key role in canalizing typical social development. Finally, the observation of this decline in eye fixation-rather than outright absence-offers a promising opportunity for early intervention that could build on the apparent preservation of mechanisms subserving reflexive initial orientation towards the eyes.
Deficits in eye contact have been a hallmark of autism 1,2 since the condition's initial description 3 . They are cited widely as a diagnostic feature 4 and figure prominently in clinical instruments 5 ; however, the early onset of these deficits has not been known. Here we show in a prospective longitudinal study that infants later diagnosed with autism spectrum disorders (ASDs) exhibit mean decline in eye fixation from 2 to 6 months of age, a pattern not observed in infants who do not develop ASD. These observations mark the earliest known indicators of social disability in infancy, but also falsify a prior hypothesis: in the first months of life, this basic mechanism of social adaptive action-eye looking-is not immediately diminished in infants later diagnosed with ASD; instead, eye looking appears to begin at normative levels prior to decline. The timing of decline highlights a narrow developmental window and reveals the early derailment of processes that would otherwise have a key role in canalizing typical social development. Finally, the observation of this decline in eye fixation-rather than outright absence-offers a promising opportunity for early intervention that could build on the apparent preservation of mechanisms subserving reflexive initial orientation towards the eyes.
Autism Spectrum Disorders (ASDs) affect approximately 1 in every 88 individuals 6 . These disorders are lifelong, believed to be congenital, and are among the most highly heritable of psychiatric conditions 7 . However, the genetic heterogeneity of ASD-with estimates suggesting as many as three-to five-hundred distinct genes impacting aetiology 8 poses a stark challenge for understanding the biology of the condition: with so many different 'causes', a key question is how that genetic heterogeneity can be instantiated into common forms of disability.
One answer is that although the specific biological mechanisms may vary (in genes or pathways affected, in dosage or in timing), any such disruptions will contribute to an individual deviation from normative developmental processes 9, 10 ; the mechanisms may initially be different, but a divergence from typical development is shared. In this way, widely varying initial liabilities can be converted into similar manifestations of impairment, giving rise to the spectrum of social disability we then call 'autism'.
In typical development, the processes of normative social interaction are extremely early-emerging: from the first hours and weeks of life, preferential attention to familiar voices 11 , faces 12 , face-like stimuli 13 and biological motion 14 guide typical infants 15 . These processes are highly conserved phylogenetically 16 and lay the foundation for iterative specialization of mind and brain 17 , entraining babies to the social signals of their caregivers [11] [12] [13] [14] 18 .
In the current study, we tested the extent to which measures of these early-emerging normative processes may reveal disruptions in ASD at a point prior to the manifestation of overt symptoms. We measured preferential attention to the eyes of others, a skill present in typical infants 12 but significantly impaired in 2-year-olds with ASD 2 . We proposed that in infants later diagnosed with ASD, preferential attention to others' eyes might be diminished from birth onwards 2,3, 17 .
Data were collected at 10 time points: at months 2, 3, 4, 5, 6, 9, 12, 15, 18 and 24 . We studied 110 infants, enrolled as risk-based cohorts: n 5 59 at high-risk for ASD (full siblings of a child with ASD 19 ) and n 5 51 at low-risk (without first-, second-or third-degree relatives with ASD). Diagnostic status was ascertained at 36 months. For details on study design, clinical characterization of participants, and experimental procedures, see Methods and Supplementary Information.
Of the high-risk infants, 12 met criteria for ASD 20 (10 males, 2 females), indicating a conversion rate of 20.3% 19 . One child from the low-risk cohort was also diagnosed with ASD. Given the small number of girls in the ASD group, we constrained current analyses to males only, 11 ASD (10 from the high-risk cohort and 1 from the low-risk), and 25 typically developing (all from the low-risk cohort).
At each testing session, infants viewed scenes of naturalistic caregiver interaction ( Fig. 1a , b) while their visual scanning was measured with eye-tracking equipment. The 36 typically developing and ASD children viewed 2,384 trials of video scenes.
Control comparisons tested for between-group differences in attention to task and completion of procedures. There were no betweengroup differences in duration of data collected per child (typically developing 5 71. 25 (27.66 ) min, ASD 5 64. 16 (30.77 ) min, data given as mean (standard deviation), with t 34 5 0.685, P 5 0.498; two-sample t-test with 34 degrees of freedom, equal variances); or in the distribution of ages at which successful data collection occurred (k 5 0.0759, P 5 0.9556; two-sample Kolmogorov-Smirnov test). Calibration accuracy was not significantly different between groups: either cross-sectionally, at any data collection session (all P . 0.15, t , 1.44; mean P 5 0.428); or longitudinally, as either a main effect of diagnosis (F 1,2968.336 5 0.202, P 5 0.65) or as an interaction of diagnosis by time (F 1,130.551 5 0.027, P 5 0.87) (by hierarchical linear modelling; see Methods, Supplementary Information and Extended Data Fig. 8 ).
We then measured percentage of visual fixation time to eyes, mouth, body and object regions ( Fig. 1c) . For each child, during each video, these measures served as the dependent variables for longitudinal analyses. Longitudinal analyses were conducted by functional data analysis (FDA) 21 and principal analysis by conditional expectation (PACE) 22 (examples in Fig. 1d, e ), and were repeated with traditional growth curve analysis using hierarchical linear modelling (HLM) 23 .
Growth curves for normative social engagement show broad developmental change in typically developing infants during the first 2 years of life ( Fig. 2a and Extended Data Figs 2, 4 and 7). From 2 to 6 months, typically developing infants look more at the eyes than at mouth, body, or object regions (all F 1,23 . 15.74, P , 0.001, by functional analysis of variance (functional ANOVA) 21 ) ( Fig. 2a, e ). Mouth fixation increases during the first year and peaks at approximately 18 months ( Fig. 2a, f ). Fixation on body and object regions declines sharply throughout the first year, reaching a plateau between 18 and 24 months ( Fig. 2a, g, h) , with greater fixation on body than on object regions at all time points (F 1,23 5 18.02, P , 0.001).
In infants later diagnosed with ASD, growth curves of social visual engagement follow a different developmental course ( Fig. 2b and Extended Data Figs 2, 5 and 7). From 2 until 24 months of age, eye fixation declines, arriving at a level that is approximately half that of typically developing children by 24 months ( Fig. 2e ). Fixation on others' mouths increases from month 2 until approximately month 18 ( Fig. 2f ). Fixation on others' bodies declines in children with ASD, but at less than half the rate of typically developing children, stabilizing at a level 25% greater than typical ( Fig. 2g ). Object fixation also declines more slowly in children with ASD, and increases during the second year ( Fig. 2h ), rising by 24 months to twice the level of typical controls.
Between-group comparison of entire 2-to 24-month growth curves by functional ANOVA 21 reveals significant differences in eye fixation ( Fig. 2e , F 1,34 5 11.90, P 5 0.002), in body fixation ( Fig. 2g , F 1,34 5 10.60, P 5 0.003), and in object fixation ( Fig. 2h , F 1,34 5 12.08, P 5 0.002), but not in mouth fixation ( Fig. 2f , F 1,34 5 0.002, P 5 0.965) (Bonferroni corrections for multiple comparisons, a 5 0.0125). Related analyses, including HLM, are given in Supplementary Information and Extended Data Figs 4, 5, 7, 8 and 9)
Contrary to our initial hypothesis 2 , the data for children with ASD show a developmental decline in eye fixation from 2 until 24 months of age ( Fig. 2c, d) , with average levels of ASD eye-looking that appear to begin in the normative range.
The relationship between longitudinal eye fixation and dimensional level of social-communication disability was tested using regression. As shown in Extended Data Fig. 1 , steeper decline in eye fixation is associated with more severe social disability 5 : r (9) 5 20.750 (20.27 to 20.93, 95% confidence interval), P 5 0.007, Pearson r, 9 degrees of freedom. In an exploratory analysis, we also tested sub-sets of the available data: that is, we measured decline in eye fixation using only data collected from month 2 to 6, excluding data collected thereafter, and then using only data collected from month 2 to 9, 2 to 12, 2 to 15, and 2 to 18. The relationship between decline in eye fixation and outcome becomes a statistical trend by the subset of month 2 to 9 (P 5 0.100), and is statistically significant thereafter. Although these analyses will benefit from replication with larger samples, they offer preliminary indication of the clinical significance of these early behaviours.
Our experimental design densely sampled the first 6 months of life in order to test the relationship between early looking behaviour and later categorical outcome. Extended Data Fig. 2a -c show raw eye-fixation data collected in the first 6 months. Eye-fixation data for both groups show significant associations with chronological age (F 1,114.237 5 9.94, P 5 0.002 for typically developing eye fixation, F 1,41.609 5 9.62, P 5 0.003 for ASD eye fixation), but the slopes of the associations are in opposite directions: increasing at 13.6% per month for typically developing (1.3 to 5.9, 95% confidence interval), and decreasing at 24.8% per month for ASD (27.9 to 21.7, 95% confidence interval). A similar difference is observed for body fixation (Extended Data Fig. 2g -i): body fixation is declining in typically developing children but is not declining in those later diagnosed with ASD (24.3% per month (25.4 to 23.1) for typically developing, F 1,211.856 5 54.83, P , 0.001; 0.3% per month for ASD (21.2 to 1.7), F 1,241.320 5 0.11, P 5 0.739). For both regions, there are significant interactions of diagnosis by age: eyes, F 1,787.928 5 9.27, P 5 0.002; and body, F 1,25.557 5 5.88, P 5 0.023 (HLM).
As a control, we tested whether there were between-group differences in levels of looking at the video stimuli, irrespective of content region. There were no between-group differences in levels of fixation or saccading, respectively, either as a main effect of diagnosis (F 1,21.652 5 0.958, P 5 0.339; F 1,27.189 5 0.250, P 5 0.621) or as an interaction of diagnosis by age (F 1,20.026 5 0.880, P 5 0.359; F 1,26.430 5 0.561, P 5 0.460) (Extended Data Fig. 3 ).
Given the variability in infant looking, we measured the extent of overlap in distributions for measures of fixation in typically developing infants relative to infants later diagnosed with ASD ( Fig. 3a plots individual growth curves for levels of eye fixation, and Fig. 3b plots change in eye fixation). Mean individual levels of change in fixation between 2 and 6 months show minimal overlap between groups ( Fig. 3c ). However, such estimates (depending as they do on the data used to build the model, with known diagnostic outcomes) are likely to be optimistic 24 ; to assess bias, we performed an internal validation.
As an internal validation ( Fig. 3d-f ), we used leave-one-out crossvalidation (LOOCV), partitioning our data into subsamples so that each infant was tested as a validation case (that is, presuming unknown diagnostic outcome) in relation to the remainder of the data set 25 . The results indicate relatively low levels of overlap between groups (Fig. 3f ). The same analyses were conducted for rates-of-change in body fixation ( Fig. 3g-l) . Although the area under each receiver operating characteristic (ROC) curve is smaller (as expected) for the internal validations ( Fig. 3f , l) compared to estimates based on known diagnostic outcomes ( Fig. 3c , i), the 95% confidence intervals clearly indicate less overlap than expected by chance.
As an external validation, we used the same technique to test six male infants who were not part of the original sample. Two of the six children had reached the age of 36 months, with confirmed ASD diagnosis, and four of the children were low-risk recruits, now at least 22 months of age, with no clinical signs of ASD. In relation to the original sample's change in eye and body fixation ( Fig. 3m ), these six independent test cases show similar trajectories within the first 6 months ( Fig. 3n ). Although this validation set is small, the probability of obtaining all six of these results in the predicted direction by chance alone is P 5 0.0156 (equal to the chance of correctly predicting the outcome, 0.5, on each of 6 occasions, 0.5 6 ).
As a result of observing these differences between clearly defined extremes of social functioning at outcome (ASD and typically developing), we analysed data from the remaining high-risk males. These siblings were identified clinically as either unaffected at 36 months 
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(referred to as HR-ASD_No-Dx) or as exhibiting subthreshold signs of ASD (also called the broader autism phenotype (BAP) 26 , referred to as HR-ASD_BAP). For change in eye fixation between 2 and 6 months of age, ROC curves in Fig. 4a -c quantify the overlap in measures relative to outcome (95% confidence intervals by LOOCV). The behaviour of unaffected siblings (HR-ASD_NoDx) is highly overlapping with that of typically developing children (Fig. 4c ), while the behaviour of infants later diagnosed with ASD (Fig. 4a) , and that of infants with subthreshold signs (Fig. 4b) , clearly differs from typical controls. We also considered these data as part of a larger continuum ( Fig. 4d and Extended Data Fig. 6 ). Graded developmental trajectories are evident in the significant interaction of outcome (four levels) by age: F 3,133.006 5 6.95, P , 0.001 (HLM). Typically developing children show strongly increasing eye fixation. Unaffected siblings also show increasing eye fixation. Siblings with subthreshold symptoms show neither increasing nor decreasing eye fixation, and infants later diagnosed with ASD show declining eye fixation.
In Fig. 4e , individual results are plotted dimensionally across the full spectrum of social ability to disability. The probability density functions on ordinate and abscissa indicate whole-sample distributions for change in eye and body fixation. The data show gradations from typically developing children to those diagnosed with ASD, with children with ASD showing the largest decline in eye fixation as well as the greatest increase in body fixation. Values for unaffected siblings are fully overlapping with those of typically developing children, whereas children with BAP outcomes show intermediary behaviours.
In summary, the current results indicate that the development of infants later diagnosed with ASD differs already from that of their typical peers during the period from 2 to 6 months of age. These results, although still limited in sample size, document the derailment of skills that would otherwise guide typical socialization 10, 17, 18 , and this early divergence from normative experience suggests a means by which diverse genetic liabilities are instantiated, developmentally, into a spectrum of affectedness. Given the interdependence 9 of individual experience with brain structure and function, and with gene expression and methylation, these results suggest how a single individual's outcome will be shaped not only by initial genotypic vulnerabilities, but also by the atypical experiences that arise as a consequence of those vulnerabilities, instantiating a wide spectrum of affectedness.
In children later diagnosed with ASD, eye looking shows mean decline by at least 2 months. However, unexpectedly, those early levels of eye looking seem to begin at normative levels. This contradicts prior hypotheses of a congenital absence of social adaptive orientation 2,3,17,18 and suggests instead that some social adaptive behaviours may initially be intact in newborns later diagnosed with ASD. If confirmed in larger samples, this would offer a remarkable opportunity for treatment: predispositions that are initially intact suggest a neural foundation that may be built upon, offering far more positive possibilities than if that foundation were absent from the outset. Equally exciting, these data fit well within the framework of long-studied animal models of the neural systems subserving filial orientation and attachment 27 : they highlight a narrow period for future investigation, spanning the transition from experience-expectant to experience-dependent mechanisms 28 . A critical next step will be to measure densely sampled developmental change in gene expression and brain growth, in tandem with detailed quantification of behaviour; in short, measuring gene-brain-behaviour growth charts of infant social engagement to understand the developmental pathogenesis of social disability 29 .
METHODS SUMMARY
The research protocol was approved as bearing no significant risk by the Human Investigations Committees at Yale University School of Medicine and at Emory University School of Medicine, and the data collected were used for research purposes only. All aspects of the experimental protocol were performed by personnel blinded to the diagnostic status of the children. All diagnostic measures were administered by trained clinicians blinded to results of experimental procedures. The children were shown, at each of 10 longitudinal testing points between 2 and 24 months of age, video scenes of naturalistic caregiver interaction. We measured percentage of visual fixation time to eyes, mouth, body and object regions, and these measures served as the dependent variables for longitudinal analyses. Planned confirmatory analyses measured longitudinal fixation trajectories relative to both categorical diagnostic outcomes and dimensional levels of social-communication disability. Visual scanning was measured with eye-tracking equipment (ISCAN). Analysis of eye movements and coding of fixation data were performed with software written in MATLAB. Additional details on participants, experimental procedures, data acquisition and analysis are provided in Methods and in Supplementary Information. 
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METHODS
The research protocol was approved as bearing no significant risk by the Human Investigations Committees at Yale University School of Medicine and at Emory University School of Medicine, and the data collected were used for research purposes only. All aspects of the experimental protocol were performed by personnel blinded to the diagnostic status of the children. All diagnostic measures were administered by trained clinicians blind to results of experimental procedures. The children were shown, at each of 10 longitudinal testing points between 2 and 24 months of age, video scenes of naturalistic caregiver interaction. We measured percentage of visual fixation time to eyes, mouth, body and object regions, and these measures served as the dependent variables for longitudinal analyses. Planned confirmatory analyses measured longitudinal fixation trajectories relative to both categorical diagnostic outcomes and dimensional levels of social-communicative disability. Visual scanning was measured with eye-tracking equipment (ISCAN). Analysis of eye movements and coding of fixation data were performed with software written in MATLAB. Additional details on participants, experimental procedures, data acquisition and analysis are provided in Methods and in Supplementary Information. Stimuli. Children were shown video scenes of a female actor looking directly into the camera and playing the part of a caregiver: entreating the viewing toddler by engaging in childhood games (for example, playing pat-a-cake) ( Fig. 1a, b ; also described in ref.
2). The actors were filmed in naturalistic settings that emulated the real-world environment of a child's room, with pictures, shelves of toys, and stuffed animals. We used naturalistic stimuli (for example, dynamic rather than static stimuli, and realistic rather than abstracted or reductive scenes) in light of past research indicating that older children with ASD exhibit large discrepancies between their actual adaptive behaviour skills in the real world relative to their cognitive potential in more structured situations 30 , larger between-group effect sizes for face-processing deficits with dynamic relative to static stimuli 31 , and marked difficulties when attempting to generalize skills from structured, rote environments (in which the skills were initially learned) to environments that are open-ended and rapidly changing 4 . At each data-collection session, videos were drawn in pseudo-random order from a pool of 35 total. Both the 'caregiver' video stimuli analysed here (35 videos), as well as videos of infant and toddler interaction ('peer-play' videos, as described in ref. 32 , for another set of experiments not yet analysed) were presented. Video stimuli were presented in pseudorandom order. There were no between-group differences in duration of data collected per child, either in total (t 34 5 0.685, P 5 0.498) or specifically for the caregiver stimuli (t 34 5 0.205, P 5 0.839). Successful data collection was achieved in 80.2% of all testing sessions; failed data collection sessions occurred as the result of an infant falling asleep, crying, or becoming too fussy to watch the videos. Reasons for failure were recorded in data collection reports for each session and maintained in a database; no systematic difference in reasons for failure could be discerned between the two groups. At each data collection session, approximately 30% of the videos shown to a child were novel, whereas the remaining 70% were repeated from previous sessions (from both the immediately preceding session as well as from any prior session beginning at month 2 onwards). This balanced the need for repeated measures to the same stimulus video with the need for novelty. To test for learning effects of repeated presentations, we compared end-stage results at 24 months in this longitudinal sample with previous results in a crosssectional sample at that age (males from ref. 2): tested by 2 3 2 between-subjects factorial ANOVA, there was no main effect of cohort, longitudinal versus crosssectional (F 1,57 5 0.052, P 5 0.820), but there was a significant main effect of diagnosis (ASD versus typically developing, F 1,57 5 6.29, P 5 0.015).
Caregiver videos were presented as full-screen audiovisual stimuli on a 20-inch computer monitor (refresh rate of 60 Hz noninterlaced); in 32-bit colour; at 640 3 480 pixels in resolution; at 30 frames per s; with mono-channel audio sampled at 44.1 kHz. Stimuli were sound and luminosity equalized, and were piloted before the start of study in order to optimize engagement for typical infant and toddler viewers. Regions of interest (eye, mouth, body and object) were bitmapped in all frames of video (Fig. 1c ). Average sizes of the regions-of-interest are given in Extended Data Table 1c . Experimental setting and equipment. Two settings for eye-tracking data collection were used in this study. One eye-tracking laboratory was optimized for infants between the ages of 2 and 6 months, and a second setting was optimized for infants and toddlers from 9 to 36 months. The primary distinction between the two settings was the use of a reclined bassinet for younger infants versus the use of a car seat for older infants and toddlers. The eye-tracking data-collection hardware and software were identical in both settings, and all aspects of automated stimuli presentation, data collection and analysis were also identical; these have previously been described in ref. 2. To obtain optimal eye imaging with infants in the reclined bassinet, eye-tracking cameras and an infrared light source were concealed within a teleprompter. In the toddler laboratory, eye-tracking cameras were mounted beneath a computer display monitor. The display monitor was mounted flush within a wall panel. In both laboratories, eye tracking was accomplished by a video-based, dark pupil/corneal reflection technique with hardware and software created by ISCAN, with data collected at 60 Hz. In both laboratories, audio was played through a set of concealed speakers. Infants were placed in a modified travel bassinet, mounted on a table that was raised and lowered at the beginning of each session to standardize the positioning of the infant's eyes relative to the display monitor. In the toddler laboratory, children were seated in a car seat in front of the computer screen on which the videos were presented. As in the infant laboratory, the car seat was raised and lowered so as to standardize the position of each child's eyes relative to the display monitor. Experimental protocol. Infants and toddlers were accompanied at all times by a parent or primary caregiver. To begin the experimental session, the participant (infant or toddler) and caregiver entered the laboratory room while a popular children's entertainment video played on the display monitor. The child was buckled into the bassinet or car seat. Eye position relative to display monitor was then standardized for each child by adjusting the seat or bassinet location. Viewers' eyes were 28 inches (71.12 cm) from the display monitor, which subtended an approximately 24u 3 32u portion of each viewer's visual field. Lights in the room were dimmed so that only content presented on the display monitor could be easily seen. During testing, both experimenter and parent were out of view from the child but were able to monitor the child at all times by means of an eye-tracking camera and by a second video camera that filmed a full-body image of the child.
Visual-fixation patterns were measured with eye-tracking hardware (ISCAN). To begin the process of data collection, after the child was comfortably watching the children's video, calibration targets were presented onscreen by the experimenter. This was done using software that paused the playing video and presented a calibration target on an otherwise blank background. A five-point calibration scheme was used, presenting spinning and/or flashing points of light as well as cartoon animations, ranging in size from 1u to 1.5u of visual angle, all with accompanying sounds. For the infants, calibration stimuli began as large targets, $10u in horizontal and vertical dimensions, which then shrank through animation to their final size of 1u to 1.5u of visual angle. The calibration routine was followed by verification of calibration in which more animations were presented at five onscreen locations. Throughout the remainder of the testing session, animated targets (as used in the calibration process) were shown between experimental videos to measure drift in calibration accuracy. In this way, accuracy of the eye-tracking data was verified before beginning experimental trials and was then repeatedly checked between video segments as the testing continued. In the case that drift exceeded 3u, data collection was stopped and recalibration was carried out before further videos were presented. For additional details and measures of calibration accuracy, please see Supplementary Information and Extended Data Fig. 8 . Analysis of eye movements. Analysis of eye movements and coding of fixation data were performed with software written in MATLAB (MathWorks). The first phase of analysis was an automated identification of non-fixation data, comprising blinks, saccades and fixations directed away from the presentation screen. Saccades were identified by eye velocity using a threshold of 30u per s (ref. 33) . We tested the velocity threshold with the 60-Hz eye-tracking system described above and, separately, with an eye-tracking system collecting data at 500 Hz (SensoMotoric Instruments GmbH). In both cases saccades were identified with equivalent reliability as compared with both hand coding of the raw eye-position data and with high-speed video of the child's eyes. Blinks were identified as described in ref. 32 . Off-screen fixations (when a participant looked away from the video) were identified by fixation coordinates beyond the stimuli presentation screen.
Eye movements identified as fixations were coded into four regions of interest that were defined within each frame of all video stimuli: eyes, mouth, body (neck, shoulders and contours around eyes and mouth, such as hair) and objects (surrounding inanimate stimuli) (Fig. 1c ). The regions of interest were hand traced for all frames of the video and were then stored as binary bitmaps (through software written in MATLAB). Automated coding of fixation time to each region of interest then consisted of a numerical comparison of each child's coordinate fixation data with the bitmapped regions of interest.
Longitudinal data analyses. To examine the longitudinal development of social visual attention, for individual participants and across both ASD and typically developing groups, we used functional data analysis (FDA) 21 and principal analysis by conditional expectation (PACE) 22, [34] [35] [36] (Fig. 1d , e for example individual fits, and Fig. 2 for group results; also Extended Data Fig. 7 ). Although we focused on FDA and PACE in order to overcome limitations inherent to cross-sectional analyses, as well as some limitations of traditional growth-curve analyses, we repeated all our analyses using hierarchical linear modelling (HLM) (Extended Data Figs 4, 5 and 6 and Extended Data Table 1b ). Although the two methods produced the same pattern of significant between-group differences (described in RESEARCH LETTER main text and in Supplementary Information), we favour the FDA approach because traditional growth-curve analyses can be confounded by individual differences in developmental timescale, and also because traditional growth curve analyses often require correct assumption of an underlying parametric or semiparametric model (rather than allowing this to be determined in a data-driven fashion 37 ). In contrast, FDA methods determine curve shape empirically 22, 35 and model statistical variation in both time scale as well as amplitude 34, 36 . The PACE method of FDA is also designed specifically to overcome a common problem for longitudinal studies: non-uniform sampling particularly in the case of missing values 22, 35 . PACE characterizes statistical ensembles of irregularly sampled longitudinal data in terms of entire curve shapes on the basis of conditional expectation. This maximizes the ability to detect patterns of correlation across trajectories and minimizes the impact of data sampled at discrete intervals with varying number of measurements per participant 36 . This approach notably improves the detection of common features in trajectory shape.
As noted above, as a methodological comparison to FDA, we also analysed the data using hierarchical linear modelling 23 . The presence of linear and curvilinear (quadratic and cubic) patterns was assessed for fixation relative to age using the following model:
where d ij represents the normally distributed random effect modelling withinsubject dependence (i) by group (j); e ij represents the normally distributed residual error; and the B 1 , B 2 , and B 3 coefficients indicate how fixation levels change with age and by group. Initial evaluation of the data indicated an inverse relationship between body fixation and age, and was therefore also assessed with the following model:
In all cases, the intercept and B terms were modelled as fixed effects but were allowed to vary by group. Degrees of freedom were calculated by the Satterthwaite method (equal variances not assumed). Positively skewed data (for example, body-and object-fixation trials) were log-transformed; plots show untransformed data. F tests and log-likelihood ratios were used to determine whether a linear, quadratic, cubic or inverse relationship best described the data. Growth curves from hierarchical linear modelling are plotted in Extended Data Figs 4 and 5, and the regression parameters for eyes, mouth, body and object are given in Extended Data Table 1a .
Throughout our analyses, PACE parameters were selected by generalized crossvalidation 22 . Mean fixation curves from Fig. 2 , together with the effects of adding or subtracting principal component functions (following the convention of ref. 21) , smoothing kernel bandwidths, and fractions of variance explained per principal component can be found in Extended Data Fig. 7 and Extended Data Table 1b ). The Akaike Information Criterion, with likelihood of measurements conditional on estimated random coefficients, was applied for selecting the number of principal components 22 . Derivatives were computed by the PACE-QUO method 35 .
Extended Data Figure 1 | In infants later diagnosed with ASD, decline in eye fixation during the first 2 years is significantly associated with outcome levels of symptom severity. Functional principal component analysis (FPCA) was used to extract growth curve components explaining variance in trajectory shape about the population mean. a, Population mean for fixation to eyes in children with ASD (red line) plotted with lines indicating direction of individual trajectories having positive principal component one (PC1) scores (line marked by plus signs) or negative PC1 scores (line marked by minus signs). b, Outcome levels of social disability (as measured by ADOS Social Affect) as a function of decline in eye fixation (measured as eyes PC1 score). c, Outcome levels of social disability as a function of decline in eye fixation using subsets of the longitudinal data (that is, measuring decline in eye fixation using only data collected from month 2 to 6, excluding data thereafter; then from month 2 to 9, 2 to 12, 2 to 15, and 2 to 18). Decline in eye fixation predicts future outcome at trend levels by the developmental period from 2 to 9 months (P 5 0.100), and is statistically significant thereafter.
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Extended Data Figure 2 | Developmental differences in visual fixation between 2 and 6 months of age. a-l, Raw data for eyes fixation (a-c), mouth fixation (d-f), body fixation (g-i), and object fixation (j-l) between 2 and 6 months for typically developing infants (in blue) and infants later diagnosed with autism spectrum disorders (in red). Darkly shaded data markers indicate the interquartile range (spanning 25th to 75th percentiles). Data show significant associations with chronological age, but the slopes of the associations differ for ASD and TD outcome groups, with significant interactions of diagnosis by age for eyes, F 1,787.928 5 9.27, P 5 0.002; for body, F 1,25.557 5 5.88, P 5 0.023; and for object, F 1,21.947 5 5.24, P 5 0.032; but not for mouth, F 1,47.298 5 0.019, P 5 0.89. Analyses by HLM. Plots in c, f, i and l show mean trend lines and 95% confidence intervals.
LETTER RESEARCH
Extended Data Figure 3 | Percentage of total time spent fixating and saccading between 2 and 6 months of age. a-f, Raw data for percentage of total time spent fixating (a-c) and time spent saccading (d-f) between 2 and 6 months for typically developing infants (in blue) and infants later diagnosed with autism spectrum disorders (in red). Darkly shaded data markers indicate the interquartile range (spanning 25th to 75th percentiles). Data show significant associations with chronological age, but the slopes of the associations do not differ for ASD and TD outcome groups, F 1,20.026 5 0.88, P 5 0.359 for time spent fixating; and F 1,26.430 5 0.56, P 5 0.460 for time spent saccading. Analyses by HLM. Plots in c and f show mean trend lines and 95% confidence intervals.
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Extended Data Figure 6 | Developmental change in visual fixation on the eyes relative to outcome levels of affectedness. a-m, Per cent fixation on eyes for typically developing infants (a), infants at high-risk for ASD who showed no evidence of ASD at 36 months (c) (HR-ASD_No-Dx), infants at high-risk for ASD who showed some subthreshold signs of the broader autism phenotype at 36 months but did not meet clinical best estimate diagnosis of ASD (e) (HR-ASD_BAP), and infants diagnosed with ASD at 36 months (g).
External validation participants not included (compare to Fig. 4 ). Darkly shaded data markers indicate the interquartile range (spanning 25th to 75th percentiles). Black lines indicate mean growth curves from hierarchical linear modelling (HLM). Plots in b, d, f and h show mean fixation curves with 95% confidence intervals. Plots i-l highlight the first 6 months of life in each group, and m plots the relationship across groups.
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